Solid state calcium ferrite formation reactions between different kinds of iron oxides and CaO under various pO 2 at 1 273 K have been investigated. The calcium ferrite formation rates are evaluated by using thermogravimetric method. The phase identification and quantification of calcium ferrites in the experiment have been carried out by using X-ray diffraction method (the Rietveld method 
Introduction
Sinter ore is one of the main charge materials in blast furnace operation. Productivity of blast furnace is governed by the sinter qualities such as reducibility and mechanical strength. These sinter qualities are governed by its microstructure. Iron ore sinter is composed of iron oxides, ferrites (mostly SFCA), and glassy phases and the mineralogy of sinter significantly depends on its chemistry and many process factors. Silico-ferrite of calcium and aluminum (SFCA) is believed to be the most desirable main bonding phase in sinter ore because of its high reducibility and sufficient mechanical strength which may enhance the blast furnace productivity and efficiency.
Since the properties of iron ore sinter mainly depend on sinter mineralogy, understanding of the mineralogical characteristics of sinter is necessary to design the optimum sinter microstructure, especially about that of SFCA. However, due to the complexity of the sintering process caused by its inhomogeneous and non-equilibrium nature, the formation mechanism of iron ore sinter is not fully understood yet. Furthermore, the sinter mineralogy also has a very complicated nature, and its behaviors are significantly varying and depending on various factors. [1] [2] [3] In sintering process, since the main source of heat energy is the combustion of coke breeze, the sinter mix is heated in a reducing atmosphere and cooled in an oxidizing atmosphere. 4) As schematically shown in Fig. 1 , the reactions during sintering process can be divided to two solid state steps and one liquid state step. Firstly, during the heating stage, calcium ferrite phases are formed from iron oxides which contained in iron ore and lime calcined from calcite and they react with gangue materials in solid state. In the following liquid step, gangue materials start to dissolve into the melt. Finally, in the cooling stage, the development of sinter microstructure is completed through solidification and precipitation. 1) Most of the studies on sinter ore have been carried out focusing on the last two steps. However, due to both the relatively low sintering temperature (1 523-1 573 K) and insufficient sintering time (10-15 min) which may be unable to melt all phases present in sinter, the first solid state sintering step should have some effects on the later stages and be considered. Solid phases which do not pass through the melt may possibly exist in the final sinter microstructure. The existence of relict hematite in the final product of sinter supports this assumption. As the first step to study the initial solid state reaction of sintering process, the solid state calcium ferrites formation reactions from different iron oxides and CaO are investigated at 1 273 K. As the intermediate phase appears during the formation of SFCA, clarifying the calcium ferrites formation mechanism is the prerequisite step before inquiry into the SFCA formation mechanism. Since coke breeze is charged in sinter mix as a main heat source, it may cause local different atmosphere or different oxygen potentials. Therefore, different kinds of iron oxide can exist in the sinter mix during the heating stage. Since each iron oxide has different characteristics, there should be different reaction behaviors between different iron oxides and CaO.
In this study, solid state calcium ferrite formation reactions between different kinds of iron oxides and CaO were investigated under various pO 2 at 1 273 K by using thermogravimetric analysis (TGA) and X-ray diffraction method (XRD) in order to determine the development processes of calcium ferrite phases and to establish the mechanism of calcium ferrite formation corresponding to the early stage of sintering process.
Experimental Design to Evaluate Calcium Ferrite Formation Process under Constant pO 2
To investigate the solid state calcium ferrite formation process from iron oxides (Fe 2 O 3 , Fe 3 O 4 and wüstite) and CaO under various pO 2 at a particular temperature, the reaction between iron oxides and CaO during the heating process from room temperature to the particular experimental temperature must be avoided. Furthermore, pO 2 required to stabilize each iron oxide changes with temperature as shown in Fig. 2 tively.
To minimize the calcium ferrite formation reaction at less than 1 273 K, the particle size of iron oxides is very critical. If the particle size of iron oxides is small (less than 1 mm), iron oxides can react with the produced CaO rapidly and most amount of iron oxides are converted to calcium ferrite phases before the temperature reaches to 1 273 K, since CaCO 3 starts to decompose at around 1 073 K. Figure  5 shows the TGA result of calcium ferrite formation with 1 mm average particle diameter of starting iron oxide under CO-40%CO 2 . The initial two weight decreases of 0.030 g and 0.059 g indicate the reduction of Fe 2 O 3 and Fe 3 O 4 , respectively. After two steps of weight decrease, there was considerable amount of weight decrease (Ϫ0.40 g) which corresponding to the combination of weight decrease of CaCO 3 calcinations (Ϫ0.49 g) and weight increase of calcium ferrites formation (ϩ0.089 g). It was well agreed with the theoretical calculation result. The presence of Ca 2 Fe 2 O 5 in the final product was also confirmed by using XRD. This result suggests that the formation of Ca 2 Fe 2 O 5 was completed before the decomposition of CaCO 3 .
The effect of calcium ferrite formation before reaching at 1 273 K can be decreased by using larger size of particles. When the appropriate size of particles is used, the rate of calcium ferrite formation can be minimized and the evaluation of kinetics of calcium ferrite formation becomes available. In the present study, particles of 3.5 mm average diameter are used as starting iron oxides to minimize the undesired calcium ferrite formation without the difficulty of kinetics evaluation.
Experimental Details

Sample Preparation
The reagent grade powder of Fe 2 O 3 was pressed at 20 MPa and sintered at 1 373 K in air for 10 h. It was crushed into powder, whose mean diameter was about 3.5 mm, and mixed with reagent grade powder of CaCO 3 . The determination of average particle diameter of starting iron oxides was carried out using commercial particle size analyzer. Mixture of Fe 2 O 3 and CaCO 3 was prepared to be the composition of dicalcium ferrite (Ca 2 Fe 2 O 5 ). Cylindrical tablets of 10 mm diameter were produced by pressing 2 g of the mixtures at 20 MPa into a cylindrical mold. The pressed samples were placed in a crucible and heated to 1 273 K with heating rate of 10 K/min under various pO 2 adjusted by CO 2 /CO ratio. The sample was held for 2 h at 1 273 K and then quenched by opening a separable furnace and introducing helium gas at the same time.
Experimental System and Procedure
The experimental apparatus is shown in Fig. 6 . The specimen was placed in alumina crucible which is 15 mm in diameter and 20 mm in height with 13 holes of 1.5 mm diameter at the bottom to enhance gas permeability. It was suspended on the magnetic balance by Pt wire. All gases used in the experiment were purified by passing through a drying unit filled with CaSO 4 as a desiccant. Additionally, Ar and CO 2 gases were passed through the deoxidizing unit filled with magnesium chips at 723 K, while CO gas was passed through the CO 2 absorption unit filled with NaOH granules. The flow rate of the individual gases was controlled by mass flow controller and the total gas flow rate was 500 ml/min in each experiment. Prior to the calcium ferrite formation experiment, argon gas purging of the reactor was carried out for 20 min.
In the present experiments, the controlled pO 2 of 0, 10, 20, 30, 50 and 60 vol% CO with CO 2 balance were designated to 0 CO ( pO 2 ϭ5.91ϫ10 ), 30 CO (pO 2 ϭ4.05ϫ 10 Ϫ14 ), 50 CO (pO 2 ϭ7.44ϫ10 Ϫ15 ) and 60 CO (pO 2 ϭ3.30ϫ 10 Ϫ15 ), respectively. As already mentioned, under reductive condition, initial hematite (Fe 2 O 3 ) in mixtures will be reduced to magnetite (Fe 3 O 4 ) or wüstite ('FeO') before calcinations start depending on the pO 2 setting.
Phase Analysis
The final and intermediate products at several reaction intervals after completion of calcinations were checked by using XRD in each case. The 0 min was defined as the apparent completion of CaCO 3 decomposition. Its definition It approaches 1 for a perfect fit, but in general, a value below 3.0 indicates a well refined pattern. The range of these values in this study was 2.24-2.97, which may ensure the refinement results. During the quantification, it is assumed that all phases in the system were identified and considered as a crystalline phase. Figure 7 and Fig. 8 Figure 9 and Fig. 10 show TGA and XRD results for 10 CO. There was weight change of about 0.03 g decrease before the calcinations which means the reduction of Fe 2 O 3 to Fe 3 O 4 is occurred as expected. In the following weight decrease step corresponding to the calcinations of CaCO 3 , the amount of weight decrease (approximately 0.48 g) was smaller than the theoretically expected one (0.4893 g), since some amount of calcium ferrite was already formed before the completion of the calcinations. After the calcinations of CaCO 3 , there was weight increase corresponding to the Ca 2 Fe 2 O 5 formation. From the basis of this TGA result, it is suggested that extra oxygen from ambient atmosphere ). The open circles are the points where sampled for XRD analysis. ). The open circles are the points where sampled for XRD analysis. Figure 13 shows the formation rates of Ca 2 Fe 2 O 5 with each iron oxide under various pO 2 . Since phase quantification of XRD result needs some assumptions that all phases need to be identified and considered as a crystalline phase, the formation rates obtained from the TGA results are more reliable than that from the XRD. Therefore, the formation rates of Ca 2 Fe 2 O 5 in the 10 CO, 20 CO, 30 CO, 40 CO, 50 CO and 60 CO were estimated by using the weight changes of the TGA results. In the 0 CO, however, there was no weight change during the formation of Ca 2 Fe 2 O 5 . It means that it is impossible to estimate the formation rate using the TGA result. Therefore, the quantitative phase analysis result from the XRD was used to evaluate the formation rate only in the 0 CO. In every case, Ca 2 Fe 2 O 5 was formed as a final phase by the reaction between CaO and each iron oxide of Fe 2 O 3 , Fe 3 O 4 , or 'FeO'. However, the intermediate calcium ferrite phases were different in all three cases. These differences in reaction mechanisms may cause the formation rate differences of Ca 2 Fe 2 O 5 . As already mentioned, it is very difficult to precisely decide the time when the calcium ferrite formation reaction starts since some amount of calcium ferrite formation will starts before the temperature reaches to 1 273 K. There are inflection points in TGA curves during calcinations interval as shown in Figs. 7, 9 and 11 those are not observed for pure CaCO 3 calcinations process. Thus, these inflection points may correspond to the starting point of calcium ferrite formation. However, it is very difficult to confirm the existence of small amount of calcium ferrite by XRD. Thus, in the present study, the completion point of calcinations was nominally defined as starting point of calcium ferrite formation rate determination in each experiment. Even so, the fundamental features shown in Fig. 13 do not change essentially.
Results and Discussion
Calcium Ferrite Formation from Fe 2 O 3 and CaO
Calcium Ferrite Formation from Fe 3 O 4 and CaO
Calcium Ferrite Formation Rates
The conversion rate was estimated on the basis of Eq. (7) (8) where a o is the CO 2 /CO ratio in equilibrium with the oxides and n is the constant with value from 0.66 to 1.0. 
Conclusions
TGA and XRD have been used to study the formation of dicalcium ferrite and intermediate phases by the reactions between different iron oxides and CaO under controlled atmospheres. For the present conditions, the following conclusions may be drawn.
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